Adenylosuccinate lyase deficiency is a rare autosomal disorder of de novo purine synthesis, which results in the accumulation of succinylpurines in body fluids. Patients with adenylosuccinate lyase deficiency show a variable combination of mental retardation, epilepsy and autistic features and are usually discovered during screens for unexplained encephalopathy using the Bratton -Marshall assay that reveals the excretion of the succinylaminoimidazolecarboxamide riboside (SAICAr). Here, we report on two sisters aged 11 and 12 years presented with global developmental delay, motor apraxia, severe speech deficits, seizures and behavioural features, which combined excessive laughter, a very happy disposition, hyperactivity, a short attention span, the mouthing of objects, tantrums and stereotyped movements that gave a behavioural profile mimicking Angelman syndrome. Both patients had an increased succinyladenosine/SAICAr ratio of 1.6, and exhibited a novel homozygous missense mutation (c.674T4C; p.Met225Thr) in the exon 6 of the ADSL gene. We suggest that these clinical features might be a new presentation of adenylosuccinate lyase deficiency. On the basis of this observation, although adenylosuccinate lyase deficiency is a rare disorder, this diagnosis should be considered in patients with mental retardation and a behavioural profile suggestive of Angelman syndrome.
Introduction
Adenylosuccinate lyase (ADSL OMIM 103050) deficiency is a rare inborn error of purine metabolism leading to a broad spectrum of neurological disorders, ranging from fatal neonatal encephalopathy with hypokinesia to mild mental retardation with autistic features. 1 -5 Although clinical presentation is quite variable, most patients show at least marked mental retardation and hypotonia. 6 -8 In addition, most patients show autistic features, with repetitive behaviour, agitation, temper tantrums and autoagressivity. 2, 9 ADSL catalyses two steps in the de novo purine pathway, specifically the conversion of succinylaminoimidazolecarboxamide ribonucleotide (SAICAR) into aminoimidazolecarboxamide ribonucleotide (AICAR), and the conversion of succinyladenosine monophosphate (S-AMP) to adenosine monophosphate (AMP). As a result of enzyme deficiency, the accumulating substrates, SAICAR and S-AMP, are dephosphorylated to SAICA riboside (SAICAr) and succinyladenosine (S-Ado), respectively and excreted into the plasma, urine and cerebral fluid (for review, see Spiegel et al 9 ).
Patients with ADSL deficiency are discovered during screens of children with unexplained encephalopathy using the Bratton -Marschall assay for diazotizable amines. 10 This assay reveals the excretion of SAICAr, which is the main criterion for the diagnosis. However, because of the possible false-positive results, the diagnosis should be confirmed by the identification of S-Ado and SAICAr in urine by high-performance liquid chromatography. Screens for mutations in the ADSL gene are also performed. So far, 56 cases exhibiting more than 40 different diseasecausing mutations have been reported, with a high prevalence of missense mutations leading to incomplete impairment of enzymatic activity. 11 Correlations have been performed between the ADSL gene mutation or ADSL activity and the severity of the phenotype. 9, 12, 13 More severe presentations tend to be associated with S-Ado/ SAICAr ratio o2, whereas in milder clinical pictures, these ratios range from 2 to 4. This suggests that SAICAr is the offending compound, and that S-Ado could counteract its toxic effects. 3 However, these results show a high level of variability and cannot always be exactly correlated with the clinical features. Here, we report on two sisters with ADSL deficiency with severe mental retardation, common dysmorphic features and a specific behavioural pattern. An originality of our observations is the common behavioural features of these patients that could be suggestive of Angelman syndrome (AS).
Clinical reports
Both girls are sisters from consanguineous parents of Moroccan origin. The pedigree of the family is shown in Figures 1 and 2 .
Case V-1 is a 11-year-old girl with severe mental retardation and disturbed behaviour. Spontaneous delivery was at term with birth weight (3300 g), length (49 cm) and head circumference (34 cm) in the normal range (50th percentile). The girl was described as being an unresponsive infant and delays of gross motor function and language were apparent during the first year of life. She was able to stand with support at the age of 3 years, started walking independently at the age of 4 years with gait ataxia. She achieved normal hand use (pincer grasp), and had a good eye-to-eye contact, but did not use any words until the age of 9 years.
At present, height (1.40 m) and weight (35 kg) are normal (50th percentile) with relative microcephaly (50 cm; 10th percentile). Dysmorphic features were noticed with a brachycephaly, divergent strabismus, wide mouth, widespaced teeth and a prominent mandible. Neurological examination disclosed severe axial hypotonia with hyperlaxity, combined with gait ataxia and brisk reflex without spasticity. Severe speech impairment with a minimal use of words was noticed that contrasted with a higher degree of receptive and non-verbal communication skills. Behavioural disturbances started during infancy and mainly consisted of an apparent happy demeanour with episodes of inappropriate laughter and hyperactivity, restlessness, easily excitable personality, mouthing objects and stereotypic hand movements consisting of the combination of hand flapping, mouthing and clapping. No sleep disorder was reported, nor self-aggressive, clastic and screaming episodes. Generalised tonic and clonic seizures started at the age of 9 years and were easily controlled with valproate. Repeated interictal EEG were normal. Brain magnetic resonance imaging (MRI) showed a moderate cerebral atrophy.
Case V-2, the proband's sister aged 12 years, exhibits a similar but milder phenotype. The neonatal period was normal and growth parameters were within the normal range (birth weight: 3500 g; length: 51 cm; head circumference: 35 cm). From the first months of life, severe hypotonia was observed with a poor eye-to eye contact and postural delay, but the patient never experienced regression. She learned to walk at the age of 3 years, but with a marked broad-based gait. Hand use was approximately normal. At present, growth parameters are within the normal range (weight 39 kg; height 1.50 m), although a secondary relative microcephaly (51 cm; 10th percentile) was also observed. Dysmorphic features were the same as her sister. Neurological examination showed hypotonia, gait ataxia and brisk reflex. Severe mental retardation was present with severe language impairment with better receptive skills. Behavioural disturbances started at the age of 3 years with the same combination of hyperactivity, Figure 1 Pedigree of family.
Misleading behavioural phenotype with ADSL deficiency C Gitiaux et al an apparent happy demeanour with unprovoked laughter and stereotypic hand movements similar to her sister. This child, however, has never presented epileptic seizures.
As both sisters had the combination of severe mental retardation, absence of speech and behaviour that was reminiscent of AS, their karyotypes, methylation tests for AS and UBE3A sequencing were performed showing normal results.
Other members of this family were not evaluated. However, the family reported that the case V-3, the proband's brother, died at 10 years of age of strangulating intestinal occlusion, without any neuromotor impairment. In addition, case III-3 presented severe progressive encephalopathy with spastic quadriparesis and epilepsy that lead to death at 27 years and the case III-2, also presented moderate mental retardation with disturbed behaviour and a protected employee. The rest of the family was considered as normal. In particular, all these cases had a regular job and no psychiatric disorders.
Materials and methods
The modified Bratton -Marshall urinary test and HPLC measurement of urine S-Ado and SAICAr were performed as described previously. 10 Informed consent was obtained from the parents of both affected sisters for molecular analyses of the ADSL gene, as previously described.
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Results
The modified Bratton -Marshall urinary test was positive suggesting ADSL deficiency. The diagnosis was confirmed by the measurement of urine S-Ado and SAICAr by HPLC. Urinary S-Ado and SAICAr concentration were 101 and 63 mmol mol À1 creatinine in case V-1 and 79 and 49 mmol mol À1 creatinine in case V-2, respectively. The S-Ado/SAICAr ratio was 1.6 for both patients. Direct sequencing of the ADSL gene revealed in the two sisters the presence of a homozygous missense mutation, c.674T4C, located in exon 6 leading to the amino-acid substitution, p.M225T, at the protein level.
Discussion
To our knowledge, the original neurobehavioral presentation we report here in two sisters is the first such report in ADSL-deficient patients. Although the clinical presentation of ADSL deficiency is highly variable, previous reports have already underlined that half of the patients exhibited behavioural phenotypes that mainly consisted of autistic features, combined with mental retardation and hypotonia. 1 -4,6,7 Both patients we report present mild dysmorphic features that were also previously mentioned in ADSL deficiency, although thought to be non-specific. 14 The most severely affected sister (case V-1) also presented controlled generalised epilepsy that is also a classical hallmark in ADSL deficiency. 8 The most striking feature of our observation is the behavioural phenotype that at first sight, is suggestive of AS. 15 -17 Indeed, the behavioural profile observed here, characterized in both sisters by hyperactivity, inappropriate laughter, a happy disposition and polymorphic hand stereotypies combined with severe mental retardation, profound speech impairment and ataxic gait clearly contrast with previous reports. 15 -17 By contrast, in the literature, half of the ADSL patients demonstrated autistic features with poor eye contact, hetero-aggressivity, repetitive behaviours, agitation and temper tantrums. Misleading behavioural phenotype with ADSL deficiency C Gitiaux et al
Although the behaviour was reminiscent of AS, other consistent features of AS were not present. In particular, the characteristic EEG pattern of AS consisting of rhythmic triphasic waves of high amplitude was absent, as well as early onset seizures. In addition, sleep disturbances were absent. Finally, our patient did not demonstrate severe microcephaly and characteristic dysmorphic features that are observed in 20 -80% patients according to Williams criteria. 15 -17 Analysis of behavioural features also referred to as 'behavioural neurogenetics' in neurodevelopmental disorders allows the delineation of distinctive behavioural phenotypes. Firstly, it permits to delineate profiles of social traits that can emerge as prominent syndromic features. 18 Secondly, it can contribute to a better understanding of the biochemical bases of the disease. Finally, 'behavioural neurogenetics,' provides new insights into understanding how both genetic and metabolic factors contribute to neurodevelopmental pathways in learning and developmental disabilities. 19 Considering ADSL deficiency, several metabolic alterations are believed to contribute to the neurobehavioural impairment. Of these, the most important factors could be the neurotoxic effects of accumulated succinylpurines. 3 In both reported patients, a low S-Ado/SAICAr ratio of 1.6 was found, in agreement with the prediction of a severe phenotype. Other biochemical factors are the deficient synthesis of purine nucleotides and the impairment of the purine nucleotide cycle that contribute to the neurobehavioral profile in ADSL deficiency. As the S-Ado/SAICAr ratio was the same in both sisters, these additional factors could account for the relative disparity in their clinical presentations (for review see Spiegel et al 9 ).
In conclusion, our observation confirms the wide phenotypic variability observed in ADSL deficiency, and highlights the importance of testing with an inexpensive urinary screening method, such as the modified BrattonMarshall test in patients that show unexplained, profound as well as mild psychomotor retardation in neurological diseases with convulsions and/or hypotonia and in behavioural features of unknown origin.
